A non-steady state model describing the transition from the para-equilibrium to the local equilibrium under the non-or negligible-partition condition is proposed to investigate the austenite to ferrite transformation kinetics in Fe-C-Mn steels. The present model has been developed based on the quasi-steady state model used for calculating the solute drag force by the segregated solute within the ferrite/austenite interface, although the solute-drag force is not calculated in the present model. The calculated Mn profiles are compared with the STEM-EELS observation reported previously by some of the present authors. The temporal evolution of the Mn profiles during PE to NPLE is shown. Combining a simple C diffusion model, the transition path from PE to NPLE on the C-Mn isothermal section of an Fe-C-Mn alloy is also presented.
Introduction
In the diffusion controlled growth of the ferrite (α) grains from the austenite (γ) parent phase in Fe-C-X ternary alloys, where X is a slow diffusing substitutional alloying element, there are two α-growth modes: 1, 2) one, where the slow diffusing element X is partitioned between αand γphase; a second, where X element cannot be partitioned between these two phases. The latter partitionless growth mode is called as non-partition or negligible-partition (NP) transformation mode. In the NP transformation mode, the rate of the transformation is controlled by the diffusion of carbon (C) while X element is considered immobile. Under the NP transformation, two extreme models have been proposed further. The first one is the para-equilibrium (PE) model, [1] [2] [3] where no distribution of X in the α/γ interface, and the second one is the non-partition or negligible-partition local equilibrium model (NPLE), 1, 2) where the full local equilibrium is established resulting in spike of X element in front of the α/γ interface. Hillert 2) discussed the transition from PE to PLE (full local equilibrium under partition condition) through the NPLE. In the process from NPLE to PLE, the partitioning of X between α and γ occurs and the C and X concentrations change along α/γ full equilibrium boundary in the isothermal section of phase diagram.
Odqvist et al. 4) proposed a model describing a continuous change from PE to NPLE during partitionless growth of α in an Fe-C-Ni alloy in the isothermal condition. They used the quasi-steady state solute drag model 5) and calculated the Ni profile by balancing the dissipation of Gibbs energy and the driving force for the fixed interface migration velocity to obtain the PE to NPLE trajectory on the isothermal section of Ni-C phase diagram. It was assumed that C controls the rate of the transformation.
The purpose of the present study is to develop a new model describing the temporal transition from PE to NPLE continuously during γ to α isothermal transformations. The developed model is a non-steady state (time-dependent) one, which is an extension of the quasi-steady state model used for describing the solute drag effect in the γ to α transformation of Fe-C-X alloys by many authors. [5] [6] [7] [8] [9] [10] [11] [12] A non-steady state (time-dependent) solute drag model was proposed by Murakami et al. 13) to calculate the development of interface segregation during ferrite transformation. In their model the austenite/ferrite interface moving velocity is calculated from the growth rate of ferrite. In the present model, the velocity of the moving interface is included explicitly in the basic equation.
To describe the deviation from local equilibrium at the moving phase interface during the transformation, the interaction between an alloying element and the interface must be considered. Therefore the present model is based on the solute drag model, although the solute drag force 14) and the dissipation energy 15) are not calculated in the present model. The calculations using the solute drag force and the dissipation energy often lead to very different conclusions if they are not properly treated. 16) In the present model, the temporal evolution of X element profiles can be calculated.
Hereafter, X is considered as Mn. In steels containing a certain amount of Mn, the micro-structure is usually controlled to be a α/γ dual phase structure by heat treatment in order to concentrate Mn and C atoms into the austenite phase in order to stabilize the austenite. 17, 18) The analysis by the present model will be focused on the experimental results previously reported by the some of the present authors. 19) In that paper, the Mn concentration profiles around the transformation interfaces during the growth of allotriomorphic ferrite under isothermal annealing at 700°C in Fe-0.12C-2.0Mn alloy (in wt.%) are presented using the aberration corrected STEM-EELS technique. 20) The transformation process reported there can be considered to be the transition from PE to NPLE. In the present study the temporal evolution of the Mn profiles are computed using the non-steady state kinetic model to reveal the transition process from PE to full LE under the NP condition. The comparison between the experimental 19) and the calculated results will be made to show that the present model can describe the austenite to ferrite transformation well.
Model
During diffusional phase transformations, solute elements such as C and Mn, diffuse across the phase boundary to the other phase. In the case of γ to α transformation, the austenite stabilizer, C and Mn atoms diffuse to α phase from γ phase. The present model, which describes diffusional phase transformation, is based on the one-dimensional diffusion equation for one solute element.
Equation in a Rest Frame
The flux conservation equation is expressed by the following. where c is the solute concentration, t is time, x is distance, J is the solute flux. The flux J is given by the gradient of the chemical potential μ. The μ is given using the solute activity a as the following. 21 
Equation in a Moving Frame
In the case that a boundary moves with velocity v, such as the phase transformation, Eq. (7) in a rest frame (x, t) should be converted to the equation in a moving frame (x′, t′) with velocity v. The coordinate transformation relation between (x, t) and (x′, t′) is following.
where v may be a function of time. The derivatives, ∂/∂x and ∂/∂t are expressed by ∂/∂x′ and ∂/∂t′ using the chain rule of derivatives as follows.
Superscripts in x′ and t′ are removed as it is a matter of notation. Then the equation in a moving frame is obtained as follows.
Here, D and f are functions of x and t, generally. Using Eq. (5), the following equation for the solute concentration c is obtained.
Here,
where E is the interaction potential of the solute with the interface. In Eq. (11) the coordinate derivative of E appears. Thus, it is easier to solve Eq. (10) numerically than Eq. (11). In this paper, Eq. (10) is used as the basic equation to be solved. Equation (10) is a time-dependent partial differential equation for the activity a(x,t). a(x,t) is obtained by solving Eq. (10) numerically using the implicit method, 22, 23) then the concentration, c(x,t) is calculated from a(x,t) and f(x) using Eq. (5).
Activity Coefficient Distribution
In the present model, during diffusional phase transformations, solutes segregate favorably into the potential well inside the interface region. The interface to be considered in this paper has the width, thus the term "interface region" is used. In the literatures, [5] [6] [7] [8] [9] [10] [11] a triangular interaction potential well in the interface region is assumed. In the present model, triangular potential wells are adopted too. The potential well is transformed to the activity coefficient distribution using Eq. (12) . Figure 1(a) is an example of such interaction potential, which is for γ stabilizer. In the figure, the center of the interface region (φ) is set to be the origin of x-cordinate. The x-cordinates of the boundaries of α/φ and the φ/γ are defined as − δ and δ, respectively. That is, the width of the interface is 2δ. The potential values, E α and E γ , are defined for ferrite and austenite, respectively. The potential value E gb is defined at the center of the interface region, which corresponds to a cusp in a triangular potential curve. The activity coefficient f α , f gb and f γ correspond to the potential E α , E gb and E γ , respectively. The potential of the α phase is set to zero as a reference. Then the value of f α is one using Eq. (12) . The effective potential depth E 0 and half of the potential difference between α and γ phase ΔE are introduced. They are defined in Fig. 1(a) and are positive. ΔE is related to the solute partition coefficient k γ /α by the following equation.
Using E 0 and ΔE, the potentials, E gb and E γ are expressed as follows.
shows the activity coefficient distribution corresponding to the potential in Fig. 1(a) . The curve is not triangular obviously.
It should be stressed that the present model does not include the interface migration mechanism in it and just calculates the temporal evolution of the solute distribution inside and around the interface under the given interface migration velocity.
Experimental Results 19)
Fe-0.12C-2Mn (all in wt.%) alloy was annealed at 700°C for 30, 300, 3 000 and 10 000 s. The concentration at the ferrite/MA interfaces, which were the α/γ interfaces at 700°C, were measured using aberration corrected STEM-EELS. 20) The corrected concentration profiles, which should agree with the true profiles, were obtained from the postulated true profiles by the convolution with the broadening factors. The true Mn concentration profiles are characterized by the peak concentration at the interface, the concentration at the α/φ boundary, the concentration at the φ/γ (MA) boundary and the width of the Mn enrichment region in the austenite. They will be compared with the profiles calculated using the present non-steady state model. Figure 2 shows the temporal change of the thickness of ferrite (size of the ferrite grains) obtained by optical microscope observation, which is necessary to perform the simulations. The curve in the figure is an approximate third-order polynomial function of square root of time. are calculated using DICTRA 2018a, database TCFE8 and MOBFE3. 24) The values are listed in Table 1 . As the simulations are performed under the non-partition or negligible partition (NP) condition, the Mn concentration at the α/φ boundary is fixed at the value of the alloy bulk composition (2 wt.%). The size of the austenite region is set to 2 μm. This size is enough to eliminate the effect of the end of calculation region and the Mn concentration at the end of austenite is fixed at the bulk composition of the alloy (2 wt.%). In the fixed concentration boundary conditions, the conservation low of the concentration does not hold. In the present simulations, the Mn concentration at the α/φ boundary is fixed in order to fulfill the non-partition condition. Therefore, there is a possibility that the flux of Mn occurs. This is a consequence of using the finite size model in the simulations.
Simulation Conditions
The effective potential depth E 0 is treated as a fitting parameter for the experimental results. The value of ΔE is calculated from k Mn J D / using Eq. (13) . The value of k γ /α is calculated for 0.12C-2Mn-Fe alloy at 700°C using Thermo-Calc 2018a and the database TCFE8. 24) The calculated value of k γ /α is 3.14, then ΔE is 4.63 kJ/mol using Eq. (13) .
It is assumed that the diffusion of C controls the transformation during the PE to NPLE transition. The diffusion of C is not considered in the present simulation, thus the interface migration distance or velocity cannot be determined by the model. In the preset study, interface migration velocity is calculated using the experimental time versus ferrite thick-ness relation (Fig. 2) . This relation is approximated by a third-order polynomial of square root of time. The migration velocity is derived by time derivative of this polynomial.
Simulation Results
The simulations of isothermal austenite to ferrite transformation at 700°C were performed for 0.12C-2Mn-Fe alloy solving Eq. (10) for Mn numerically. The initial configuration of the solutes is the para-equilibrium by only C diffusion and Mn distribution is uniform initially through the entire system, which consists of the ferrite, the interface and the austenite regions. Figure 4 shows the temporal changes of (a) the migration distance and (b) velocity calculated from the time versus experimental ferrite thickness. The effective potential in the interface region is treated as a fitting parameter for the experimental results. Figure 5 shows the temporal change of Mn concentration (at.%) at the center of the interface region c Mn ϕ 0 from 0 s to 10 4 s for three values of the effective potential E 0 with the experimental concentrations. The figure shows that the best fitting of c Mn ϕ 0 with the experiment is obtained for the value of 14.0 kJ/mol, although the deviation of the experimental and simulated values at 30 s is significant. The deviation at 30 s will be discussed later. The values of effective potential depth ranging from 7 to 15 kJ/mol for Mn are reported. [5] [6] [7] [8] [9] The value of 14.0 kJ/mol is within the range of these values, then this value for E 0 is used in the following simulations. Figure 6 shows the temporal evolution of Mn profile at the interface region (φ) and the adjacent γ region from 0 s to 10 4 s. It is shown that the concentration profile at each time has a distorted triangular shape corresponding to the triangular potential shape. The peak concentration of Mn at the center of the interface region γ grows with time. At early stage of the transformation (~300 s), the depletion zone of Mn can be seen near the α side in the interface region φ. It seems that Mn diffuses from the α region to the φ region rapidly at this stage. In the quasi-steady state solute drag model, such depletion zone cannot be seen. 5, 8, 9) Figure 8 shows the Mn concentration profiles across the At 30 s, the experimental profile is flat and it indicates that the para-equilibrium is still maintained. On the other hand Mn distribution is formed in the simulation. The Mn depletion zone in the half of the interface region, φ adjacent to the ferrite and the peak of the Mn concentration in the interface region are observed in the simulated profile. This discrepancy can be explained as follows. In the simulation the incubation time of ferrite nucleation is ignored. It is likely that the actual elapsed growth time of the ferrite grain observed in the experiment was longer than 30 s.
At 300 s, the Mn peak appears even for the experimental profile. The height of the experimental peak is 8. 
Discussion

The Transition from PE to NPLE
The simulation results in Fig. 8 are discussed here. In formed. This means that the condition of PE is maintained for 30 s and 300 s. In Figs. 8(c) and 8(d) (for 3 000 s and 10 000 s), c Mn M J / increases from the concentration of the γ matrix according to the increase of the Mn peak in φ. This means that the Mn spike is formed in the front of the γ side of φ/γ after 3 000 s.
The Path from PE to NPLE on the Isothermal
Cross Section of the C-Mn Phase Diagram In order to obtain the path from PE to NPLE, the calculation of the C concentration change with time is necessary parallel to the calculation of the Mn concentration change. In the transition from PE to NPLE, the diffusion of C controls the migration of the α/γ interface. The temporal change of C concentration at the α/γ sharp interface during the austenite to ferrite transformation is calculated solving a diffusion equation with a quadratic concentration field approximation in front of the migrating interface. 7, 25) From the mass balance between the growing phase (α) and the parent phase (γ), the following expression is obtained for C. Here, time (t) is explicitly shown in the expression. In the present model, the curve fitted with the experimental result ( Fig. 2(a) ) was used for S(t). The diffusion length L(t) is assumed to be calculated by diffusion distance of C in γ as follows. where K is a constant, which is determined by the experimental condition that c C γ (10 000) = 0.184 wt.%. D C γ was calculated using DICTRA 24) and the value of 3.24·10 − 13 m 2 /s was obtained. For K the value of 2.30 was calculated from the above condition. . Figure 12 shows the temporal change of the width of the Mn spike together with D/v. According to Coates 26) and Hillert, 2) the width of the alloy spike could be described by D/v, a quantity that should be compared with the distance between atoms, d( = 0.26 nm for γ iron). The expression for the width of the spike, D/v can be derived from Eq. (12) . Figure 12 indicates that the width of the spike can be well described by D/v. Hillert 2) proposed that the local conditions at the interface should be full equilibrium only if D/v > 10d and be close to PE if D/v < 0.4d. This criteria and Fig. 12 suggest that in the present simulation the condition at φ/γ is close to the local equilibrium after ~9 500 s and is close to PE before ~2 500 s. This is consistent with Fig. 9 . The time between 2 500-9 500 s is considered to be the transition period.
Partitioning in the Process from PE to NPLE
At 3 000 s and 10 000 s the experimental Mn profiles show much deeper diffusion penetration distance into the γ matrix than the simulation ones (Figs. 8(c), 8(d)). In the simulations the depth of diffusion penetration is considered to be the Mn spike because the present simulations were performed under the non-partition or negligible-partition condition. This fact suggests that the partitioning of Mn occurred possibly at the early stage of the transformation in the experiment. 19) 
Estimation of Effective Potential Depth E 0
The potentials E 0 and ΔE are calculated from f gb and f γ using Eqs. (14) and (15) . The activity coefficients f gb and f γ can be estimated using Hillert's grain boundary phase model 27) and regarding grain boundaries as Liquid phase. The equilibrium between the liquid phase and the solid phases are calculated by parallel tangent law while the equilibrium between the ferrite and the austenite phases are calculated by common tangent law using Thermo-Calc. 18) The equilibrium concentrations at the interface at 700°C c e α , c gb e and c e γ are 1. 24, 9.96 and 4 .41 in at.%, respectively. The following relations hold when f α = 1. 
